Golgi Membranes Are Absorbed into and Reemerge from the ER during Mitosisto
Golgi marker was established previously by electron 30% in ER membranes. Since the fluorescence from GalTase-GFP was equivalently detected regardless of microscopy (Sciaky et al., 1997) and by colocalization at each stage of the cell cycle with endogenous GalTase its intracellular location, there are roughly 2.3ϫ more GalTase-GFP molecules in Golgi than in ER membranes ( Figure 1A ). In interphase HeLa cells, GalTase-GFP could be detected in the ER and nuclear envelope as well as in these cells. Given that the surface area of the ER is at least 5-fold greater than that of the Golgi complex in the Golgi complex ( Figure 1B) . The relative sizes of the Golgi and ER/nuclear envelope pools were estimated by (Griffiths et al., 1984) , this indicates that at steady state, GalTase-GFP is at least 15ϫ more concentrated in Golgi measuring fluorescence intensities in the juxtanuclear Golgi compartment and the entire cell under appropriate membranes than in ER membranes. The relative sizes of the Golgi and ER pools of Galdetection parameters ( Figure 1C ). Approximately 70% of total fluorescence resided in Golgi membranes and Tase-GFP were constant over time in interphase cells
Figure 2. GalTase-GFP Continuously Cycles between the Golgi and ER in Interphase Cells
CHO cells stably expressing GalTase-GFP were incubated in 10 g/ml cycloheximide 1 hr prior to and during the experiments to inhibit protein synthesis. In (A), the upper cell was photobleached within the outlined area (arrows) to remove fluorescence from the ER pool. Recovery was examined using imaging parameters appropriate for quantitating the pool of GalTase in the ER. In (B), the Golgi complex (outlined area) in the top cell was photobleached, and recovery was monitored using parameters appropriate for quantitating the fluorescence in the Golgi.
Images at representative time points are shown (A and B). (C) Plots of the recovery of fluorescence into the photobleached areas in the experiments of (A) and (B) show that the ER (squares) and Golgi complex (circles) regained much of their prebleach fluorescence intensities
(expressed as percentage of total cell fluorescence) within 30 min of bleaching. A two-compartment kinetic model, based on first order processes, was fit to the data (solid line for the Golgi, dashed line for the ER) to derive rate constants for anterograde and retrograde transport. The mean rate constants from five experiments were 3.6% per min for anterograde transport of GalTase-GFP and 1.8% per minute for retrograde transport (D).
and were independent of the expression level of Galmaintained over time, we selectively photobleached Golgi or ER pools of GalTase-GFP and monitored recovTase-GFP ( Figure 1D ). Following photobleaching of the entire cell, GalTase-GFP fluorescence in the Golgi reery from the other pool in the absence of protein synthesis (Figures 2A-2C ). Within 20 min of selectively phototurned to 70% of total fluorescence after an initial lag and remained at this percentage as newly synthesized bleaching the ER pool of GalTase-GFP, ER membranes regained much the same percentage of total cellular GalTase-GFP reequilibrated over ER and Golgi pools ( Figure 1E ). In other cell types, including CHO, NRK, fluorescence (i.e., about 30%) observed before bleaching ( Figures 2A and 2C, squares) . This was not due to COS, and PTK1, quantitation of GalTase-GFP fluorescence revealed a similarly fixed ratio of fluorescence synthesis of new GalTase-GFP, as evident from the lack of recovery of ER fluorescence in cycloheximide-treated between ER and Golgi pools (data not shown). These data suggest, therefore, that the ER pool of GalTasecells that were completely bleached (data not shown). Moreover, after bleaching the ER pool selectively, Golgi-GFP is not an artifact of overexpression, but together with the GalTase-GFP pool in Golgi membranes repreassociated fluorescence decreased as fluorescence in the ER increased (data not shown Figure 2C ). The model solution ( Figure 2D ) predicted transport of GalTase-GFP in the anterograde (ER-to-Golgi) direction at a rate of 3.6% Ϯ 0.17% of ER content per minute. Retrograde (Golgi-to-ER) transport was slower (in keeping with the steady-state distribution of GalTase-GFP); only 1.8% Ϯ 0.37% of Golgi-associated GalTase-GFP returns to the ER per minute. These rate constants translate to mean GalTase-GFP residence times of 27.5 Ϯ 1.2 min in the ER and 57.2 Ϯ 11.3 min in the Golgi, yielding a mean cycle time of 84.6 Ϯ 11.3 min.
Golgi Dissolution and Remodeling in Response to Perturbations in ER/Golgi Cycling Pathways
ER export is known to be inhibited without effects on 
Localization of Golgi Proteins in ER Membranes
predominantly associated with ER membranes, which appeared as elongated cisternae carrying bound riboof Mitotic Cells The time-lapse imaging experiments above showed that somes ( Figure 5I ). These results demonstrate that the stage of mitosis when Golgi proteins are widely disGolgi proteins are dispersed throughout the entire cell during stage 2 of mitotic Golgi disassembly/reassembly, persed throughout the cytoplasm represents a time when these proteins are localized within ER membranes. when cytoplasm is partitioned between daughter cells. breakdown/reassembly. In one pattern, GalTase label-1989). Because such vesicles might have been missed using our EM approach, we probed for mitotic Golgi ing was present predominantly in tubular-membrane clusters (0.5-2.0 m diameter) that were localized at vesicles using fluorescence recovery after photobleaching (FRAP). We found that recovery of GalTase-GFP into scattered sites in the cytoplasm (data not shown). These structures corresponded to the mitotic Golgi fragments a bleached box was extremely rapid and complete in cells at stage 2 of mitotic Golgi disassembly/reassembly in stages 1, 3, and 4 of Golgi disassembly/reassembly observed in our time-lapse imaging (see Figure 4A) and (e.g., metaphase; Figure 6A ). Quantitative FRAP experiments ( Figure 6C) Figures 5J-5L) totic vesicles to give rise to these measured diffusive kinetics, Golgi proteins would have to be localized in a that extended as long tubules. The levels of immunoperoxidase staining in ER cisternae of these mitotic cells uniform vesicle population that coincidentally diffuses at exactly the same rate as GalTase-GFP in interphase was similar to that in ER cisternae of BFA-treated cells (data not shown). These results, in combination with ER. Given the improbability of this, the data favor the view that GalTase-GFP redistributes primarily into ER our time-lapse data, suggest that Golgi proteins transit through the ER during mitosis in a sequential process membranes rather than into isolated vesicles during stage 2 when GalTase-GFP fluorescence is dispersed where Golgi fragments are absorbed into and then reemerge from the ER. throughout the cell. 
Expression of mSar1p Inhibits Formation of Golgi Stacks at Cytokinesis
If Golgi proteins are redistributed into the ER in mitotic cells, then conditions that block ER export should prevent reassembly of the Golgi complex, whereas they would not be expected to affect Golgi reassembly from a vesicle population. To test this, we microinjected low concentrations of mSar1p DNA into cells. Following a short incubation to allow expression of mSar1p, we then analyzed the distribution of native GalTase.
Because the cells were not synchronized in these experiments, mSar1p-expressing cells at all stages of the cell cycle were observed (Figures 8A-8C The above results suggest that protein cycling pathThe remaining 30% came from GalTase-GFP that was ways between the Golgi and ER play a fundamental distributed throughout the ER. Cells actively maintained role in the maintenance of Golgi integrity with the very the Golgi and ER pools of GalTase-GFP; the pool sizes existence of the Golgi complex a product of these pathremained constant when protein synthesis was inhibited ways. That Golgi structures can form de novo from Golgi and did not depend on expression level. Selective phocomponents returned to the ER is supported by experitobleaching of Golgi or ER pools of GalTase-GFP and ments involving BFA washout or microsurgical removal monitoring of recovery from the nonbleached pool indiof Golgi structures where biogenesis of the Golgi from cated that the steady-state concentrations in Golgi and the ER is observed (Lippincott-Schwartz et al., 1990; ER membranes arose by continuous cycling rather than Maniotis and Schliwa, 1991) . By existing as a steadyby GalTase-GFP residing stably within these compartstate system with rapid and substantial exchange of its ments.
components through the ER, the Golgi can continuously Kinetic modeling of the FRAP experiments revealed remodel itself and thereby respond to changing cellular the rate of GalTase-GFP cycling between Golgi and ER needs. membranes. An average GalTase-GFP molecule cycled between Golgi and ER every 85 min, residing in the Golgi Breakdown/Reassembly during Mitosis Golgi for approximately 58 min and the ER for 27 min.
The traditional model of Golgi disassembly/reassembly Interestingly, the forward rate constant of GalTase-GFP during mitosis postulates a direct breakdown of the (i.e., 3.6% per min) is very close to that obtained for Golgi complex by a process of continual budding and VSVG-GFP (Hirschberg et al., 1998) . This raises the posinhibited fusion (Warren, 1993) . According to this view, sibility that the rate-limiting steps of export out of the Golgi enzymes enter small vesicles/clusters that persist ER for prototype Golgi resident and cargo proteins are throughout mitosis. The recreation of Golgi stacks at similar. the end of mitosis is attributed to a mechanism by which these vesicles/clusters fuse together after their parti- The finding that export of proteins from the ER is blocked reported. The quantitative observations described in in mitosis (Featherstone et al., 1985) 
(1998). technology (Birmingham, AL); and polyclonal anti-GFP antibody
To quantify the interphase rates of anterograde and retrograde from Clontech Laboratories. Brefeldin A, used at 1 g/ml, was from trafficking between ER and Golgi compartments, standard methods Epicentre Technologies (Madison, WI). Nocodazole (1 g/ml) and of kinetic analysis (Jacquez, 1996) and SAAMII software was used cycloheximide (10 g/ml) were from Sigma Chemical Co. (St. Louis, (Foster et al., 1994) . Coefficients of variation for the rate constant MO). Hoechst 33342 (Molecular Probes, Eugene, OR) was used at estimates were both near 10%. Mean residence times were calcu-0.08 g/ml. BODIPY ceramide (Molecular Probes, Eugene, OR) was lated as the reciprocals of these rate constants. used as described in Sciaky et al. (1997) .
For detailed experimental procedures, see Ͻhttp://dir.nichd.nih. gov/cbmb/pb9labob.htmlϾ.
Immunofluorescence and Electron Microscopy
Cells were prepared for immunofluorescence microscopy as de
